Introduction
Proteins mediate cell function. A single gene can give rise to multiple protein variants through alternative splicing and post-transcriptional modi®-cations. Thus the total number of proteins exceeds the approximately 26,000 to 40, 000 genes which comprise the human genome.
1,2 Characterization of gene products at the genome-wide scale (proteomics) 3, 4 requires the development of high throughput methods to generate information on each and every protein, including the protein's cellular concentration, localization and interactive partners. Analysis of cellular proteins has mostly been done by two-dimensional polyacrylamide gel electrophoresis (2D-PAGE). 5, 6 Hundreds to thousands of proteins can be visualized simultaneously as discrete spots on a 2D gel and their identities established by mass spectrometry analysis.
7 ± 10 Running a 2D gel, however, is labor intensive, and gel patterns can vary between experiments. Mass spectrometry signals obtained from gel spots are too variable to be used for quanti®cation of proteins on a 2D gel. 11 Af®nity agents such as monoclonal antibodies offer an alternative and perhaps more ef®cient way for proteomic studies. In principle, each cellular protein is recognizable by a set of speci®c monoclonal antibodies. This speci®c recognition can be used to establish the identity of a given protein.
High density antibody and protein microarrays can be manufactured to quantify cellular proteins in a high throughput manner, reducing the need for 2D gel analysis. 12 ± 15 Moreover, monoclonal antibodies can be used to monitor changes in protein concentration, localization and clustering pattern in situ in cell and in tissues under normal and pathological conditions.
A high throughput method to generate af®nity agents, however, is currently lacking. Traditionally, hybridoma technology is used to produce monoclonal antibodies by rodent immunization. 17 This method is rather laborious and may be inef®cient in generating antibodies against evolutionarily conserved proteins. It would be a challenge to use hybridoma technology as a high throughput method to generate the thousands of monoclonal antibodies needed for proteomic studies.
Phage display provides an alternative to the hybridoma technology. 19, 23, 27 Antibody phage display permits selection of panels of monoclonal antibodies with the desired speci®city from large antibody V-gene repertoires displayed either as single chain Fv (scFv) or Fab fragments on the surface of the ®lamentous phage. 17 ± 26 High af®nity phage antibodies have been selected against numerous cellular proteins and small molecules. 27, 28 In principle, cellular proteins can be separated by 2D gel electrophoresis, Western blotted onto membrane, and used to select monoclonal antibodies from phage antibody libraries. A large number of antigen-antibody binding reactions can take place simultaneously when a single blotted membrane is incubated with a single aliquot of phage antibody library, greatly improving the ef®ciency and throughput of monoclonal antibody production.
Here, we developed a novel way to rapidly select panels of monoclonal antibodies from phage libraries to Western-blotted antigens transferred from 2D polyacrylamide gels. This was accomplished by taking advantage of the unique properties of poly(vinylidene¯oride (PVDF) membranes. Antibodies can be generated against as little as 1-10 ng of blotted antigen. The resulting antibodies are functional for 2D Western blot and can be used as reagents for ELISA and cellular immunostaining. Automation of the selection method should allow high throughput production of monoclonal antibodies against most cellular proteins. In addition, proteins that are unique to disease states can be identi®ed by 2D gel electrophoresis and used for selection of monoclonal antibodies. The resulting antibodies may be useful reagents for disease diagnosis and therapy.
Results
Background phage binding is greatly reduced on dried PVDF membrane Although conceptually simple, selection against Western-blotted antigen is technically challenging. Filamentous phage attach non-speci®cally to membranes used for blotting, making it dif®cult to enrich antigen-speci®c phage antibodies from phage libraries. 29 In theory, this problem should be alleviated by using a membrane with reversible protein binding capacity; following antigen transfer to the membrane, the membrane is made resistant to protein binding. The blotted antigen will be the only target available for binding by phage antibodies. PVDF membranes possess such a binding property. They do not bind protein in aqueous solutions unless ®rst treated with methanol. 36 After soaking in 100 % methanol and transfer of the target antigens in transfer buffer containing 20 % methanol, the membrane can be re-soaked in 100 % methanol to drive out water molecules. After drying, the membrane is returned to the original state and is resistant to protein binding in aqueous solutions ( Figure 1 ). After such treatment, non-speci®c phage binding to the membrane should be greatly reduced.
We ®rst measured non-speci®c phage binding to treated and untreated PVDF membranes. Membranes were either soaked or not soaked in methanol, dried, and then incubated with wild-type phage in phosphate-buffered saline (PBS), washed, and bound phage eluted. The amount of bound phage/mm 2 of membrane was determined by infection of Escherichia coli with eluted phage. Treated PVDF membranes gave over 240 times less background binding than untreated PVDF membrane (Table 1A) . 
Enrichment of specific phage antibodies against antigen blotted onto PVDF
A successful selection requires a high enrichment ratio for antigen-speci®c phage antibodies. We used a model system to address this issue. 29 We studied a scFv phage antibody which bound the hapten 2-phenyloxazol-5-one (phOx) with a k d of 1.0 Â 10 À9 M. 19 To measure enrichment ratios, the phOx-binding phage antibody (ampicillin resistant) was mixed with an approximately 1000-fold excess of wild-type fd-tet-DOG1 phage (tetracycline resistant). PhOx was conjugated to bovine serum albumin (BSA) and the conjugate blotted onto PVDF membranes at concentrations of 25 ng/mm 2 and 2.5 ng/mm 2 . Membranes were incubated with phage antibody library (Table 1B) . After washing, bound phage were eluted and the enrichment ratio determined by titering the number of ampicillin and tetracycline resistant phage applied to and eluted from the membranes. The enrichment ratio was 1700-fold for 1 mg (25 ng/mm 2 ) and 1400-fold for 100 ng (2.5 ng/mm 2 ) of antigen.
Selection on blotted protein using both a monovalent phagemid and a multivalent phage antibody library
To determine if phage antibody libraries could be selected on PVDF membranes, phage and phagemid antibody libraries were selected on BSA blotted onto PVDF membranes. The phagemid antibody library displays on average a single copy of scFv per phage particle, while three to ®ve copies of scFv are displayed per particle in the phage library. The phage library was generated by subcloning the scFv genes from the phagemid library into a true phage vector. 23, 29 We have shown previously that such multivalent display allows more ef®cient selection of scFv phage antibodies when selecting on nitrocellulose membranes. Selections were performed on 1 ng and 1 mg of BSA with both antibody libraries. Antigenspeci®c scFv clones were obtained from both libraries and with antigen concentrations as low as 1 ng per 40 mm 2 membrane ( Table 2 ). The frequency of positive clones was higher after a single round of selection for the phage library (14-18 %) compared to the phagemid library (2-3 %). After a second round of selection, the frequency of positive clones increased (20-31 %) for both library types. At the lower antigen concentration, more than ten different antibodies were generated from each library.
Selection of phage antibody against discrete protein spots blotted onto PVDF following 2D gel electrophoresis
To generate monoclonal antibodies to multiple blotted antigens, the phage antibody library was Effect of pre-treatment of PVDF membranes with methanol on non-speci®c phage binding. Membranes were either soaked (treated) or not soaked (untreated) in 100 % methanol prior to incubation with phage. Non-speci®c phage binding was quantitated by titration in E. coli.
Enrichment of antigen speci®c phage on PVDF membranes. Phenyloxazolone-BSA (PhOx-BSA) in the amount indicated was spotted on PVDF membranes. A PhOx-BSA phage antibody (ampicillin resistant) was mixed in the indicated ratio with wild-type phage (tetracycline resistant). cfu./mm 2 colony forming units/mm 2 of membrane. Proteome-wide Production of mAb selected on Western-blotted proteins following 2D SDS-PAGE. We chose a breast cancer cell line SKBR3 and a normal breast cell line MCF10A as a model system. Duplicated samples of SKBR3 and MCF10A cell lysates were subjected to 2D gel electrophoresis under identical conditions. One set of gels was silver stained to visualize protein spots (Figure 2 ), and the other was subjected to Western blotting. Phage selection was performed on multiple discrete spots chosen for their relative overexpression in SKBR3 cancer cells compared to the non-cancerous cell line ( Figure 2 ). Two methods were used to screen for positive clones: (1) wholecell ELISA, where phage antibody was incubated with cells ®xed and permeabilized with methanol; and (2) a lysate ELISA, where phage antibody was incubated with cell lysates vacuum-blotted onto 96-well PVDF plates. Selection results are compiled in Table 3 . Antibodies were generated against all 12 spots used for selection. The frequency of positive clones was 1-4 % after a single round of selection, increasing to 2-11 % after a second round of selection.
One and two-dimensional Western blot with phage antibodies
We further studied the utility of four of these phage antibodies for Western blotting (spots 1, 3, 11 and 12 for 1D Western blot, and spots 1 and 12 for 2D Western blot). All four phage antibodies recognized protein bands in 1D Western blot ( Figure 3(a) ). The molecular mass of the band stained correlated with the predicted mass of the antigen as determined by mass spectrometry (see below). For the 2D Western blot, SKBR3 cell lysates were loaded on a 2D SDS-PAGE gel, blotted onto PVDF membranes and incubated with monoclonal phage antibody and binding detected with anti-M13 antibodies. The phage antibody to spot 12 recognized a single spot at the appropriate location on the 2D blot ( Figure 3(b) ). The phage antibody to spot 1 recognized predominantly one spot at the appropriate location and two additional minor spots on the 2D blot ( Figure 3(b) ). Binding of phage to multiple spots may result from posttranslational protein modi®cation. 37 This phenomenon has been observed previously for 2D Western blots with monoclonal antibodies made from hybridoma technology (URL: http://www.biobase.dk/cgi-bin/celis). The exact nature of these additional spots was not determined in this study.
Mass spectrometric analysis of selected protein spots
We further determined the identity of these spots by mass spectrometry analysis. The silverstained 2D gel spots were excised and digested with trypsin. Extracted tryptic peptides were analyzed using matrix-assisted laser chromatography desorption-time-of-¯ight (MALDI-TOF). The Figure 2 . Silver stained 2D gel. SKBR3 and MCF10A cell lysates were subjected to 2D gel electrophoresis. Gel spots were visualized by silver staining. 12 spots (as marked) were chosen for selection with a phage antibody library following electro-transfer to PVDF. Table 4 with detailed sequence information shown in Supplementary Materials. Other identi®ed proteins include components of the cytoskeletal system, enzymes and a leucine zipper protein (spot 6).
Immunostaining of cells with phage antibody
We further tested the utility of these antibodies as reagents for immuno¯uorescence study. SKBR3 and MCF10A cells were ®xed, permeabilized and incubated with monoclonal phage antibody E12 that recognizes thyroid hormone binding protein precursor. Bound phages were incubated with biotinylated anti-M13 antibodies and detected by strepavidin-Cy3. E12 phage antibody speci®cally stained SKBR3 cells ( Figure 5 ).
Discussion
In the post genomic era, the study of protein function is critical for understanding the inner working of a biological system. Because of their ability to speci®cally recognize antigens, monoclonal antibodies serve as important reagents to establish protein identity, and track their dynamics in cells under normal and pathological conditions. The size and complexity of the human proteome demands the invention of a high throughput method to produce monoclonal antibodies against many different cellular proteins. We have described a method that allows selection of monoclonal antibodies from phage display libraries against antigens blotted onto PVDF membranes. This technique combines 2D gel analysis of proteins with phage antibody display to ef®ciently produce af®nity agents which can be used in proteomic studies.
Selection of phage antibodies against Westernblotted antigen has long been considered dif®cult due to the high background phage binding to blot membrane. 29 Enrichment of speci®c binders is especially problematic during early rounds of selection. 29 We have previously attempted to overcome this problem by optimizing a number of parameters including blocking agents and salt concentration for the binding reaction. As a result, we were able to successfully select phage antibodies against proteins immobilized on nitrocellulose membranes. 29 Positive clones were obtained after one round of selection on as little as 10 ng antigen using both a phagemid and a phage scFv antibody library. We envisaged to use this method for high throughput production of monoclonal antibodies against proteins separated by 2D gel electrophoresis. Selection using nitrocellulose membranes, however, proved to have limitations: 29 (1) Because blocking agents are bound to the membrane in vast excess over antigen, they become targets for selection even when free blocking agents are present in the binding solution as competitor. The problem is especially pronounced when the amount of antigen is minute (e.g. below 10 ng). (2) As high salt concentration is used in the selection, some of the speci®c antibodies may be lost during the ®rst round of selection, reducing the diversity of speci®c antibodies obtained.
In this study we used PVDF as a membrane for blotting because of its unique property, i.e. reversible binding to proteins upon methanol treatment. There are several advantages to using PVDF over nitrocellulose. First, the PVDF membrane need not be blocked, minimizing the chance of selecting antibodies against blocking agents. We have not found signi®cant enrichment for binders to either blocking agents or PVDF membrane (data not shown). Secondly, the selection can be performed in PBS, thus preserving scFv phages that do not function in high salt conditions and reducing the lose of speci®c binders in early rounds of selection. Selections are successful with as little as 1 ng anti- gen. A high frequency of positive clones was obtained after one to two rounds of selection, making robotic automation feasible. Selections can also be done on multiple spots simultaneously, signi®-cantly improving the throughput of antibody production.
We used two screening methods to identify antigen binding-antibodies, the whole-cell ELISA and the cell lysate ELISA. The whole-cell ELISA method applies to adhesive cells, and identi®es antibodies that are useful for immuno-staining in addition to Western blotting. The lysate ELISA method is essentially a dot blot assay with antigens captured onto the PVDF membrane, approximating the selection condition. Sensitivity of this method is in the nanogram range. To screen for binders to a protein representing 0.001 % of total cellular proteins, only 0.1 mg per well (or 9.6 mg per 96-well plate) of cell lysate is needed.
Although we have not observed substantial differences in outcomes, we do ®nd some variations in signal intensity and frequency of positive clones using those two different screening methods. Speci®cally, the cell lysate ELISA screen tends to give stronger signals and, in some instances, one to two more positive clones per 96-well plate than whole cell ELISA screening (B.L. & J.D.M., unpublished observations). It is possible that ®xation with methanol causes some conformational changes of the antigen, rendering it unrecognizable by the phage antibody. It is also possible that some antibodies recognize only denatured proteins; ®xation with methanol may not have caused suf®cient denaturation to expose relevant epitopes. We have observed, however, that when the whole-cell ELISA was performed with soluble scFv instead of phage antibody, the outcome was almost identical with that obtained using the cell lysate method (data not shown). Because proteins used in our studies are intracellular molecules, diffusion of phage antibodies to the interior of the cell may be an important variable effecting outcomes of the whole cell ELISA screen.
The 2D gel electrophoresis provides a snap shot of cellular protein dynamics for a giving physiological state. Spots that are unique to cancer cells, for example, can be identi®ed by comparing 2D gel patterns between normal and cancerous cells. Here, we compared the 2D gel pattern between the normal breast cell line MCF10A and the breast cancer cell line SKBR3. A number of spots were found to be present at higher levels in the tumor cell line, and their identities were determined by mass spectrometry analysis. Cytoskeletal proteins such as tubulins and keratins 7, 8, 19 have been reported to be overexpressed in cancer cells, and keratin subtypes have served as diagnostic markers for certain tumors. 38, 39 Enzymes such as lactate dehydrogenase, 40 protein disul®de isomerase (thyroid hormone binding protein) 41 ± 43 and catechol Omethyltransferase 44 ± 46 have also been shown to be overexpressed in a variety of tumor tissues. The gene that encodes N8L (D52 homolog, a leucine zipper protein) 47, 48 is located at chromosome 8q21, a region that is frequently ampli®ed in breast cancer cells. 49 Pini et al. 53 performed phage antibody selection on a recombinant protein, ED-B of ®bronectin, eluted from a 2D gel. In their experimental system, the recombinant ED-B was biotinylated, subjected to 2D gel electrophoresis in the absence of other proteins, eluted and captured onto streptavidin beads for three rounds of selection. Their 2D Western blot was performed on cell lysate pre-mixed with recombinant ED-B. It remains to be seen how well the method works on natural protein spots that are not normally biotinylated.
It should be noted that 2D gel analysis does not provide visualization of total cellular proteins. Proteins of low abundance, very high (or low) molecular mass, isoelectric point or hydrophobicity may be excluded from the gel. Improvements in apparatus, sample preparation and detection methods have overcome some of these limitations, allowing more proteins to be analyzed by 2D gel. 9, 50, 51 Alternative methods such as isotope-coded af®nity tagging coupled with tandem mass spectrometry have allowed better quanti®cation of differentially expressed proteins. 52 As proteomics is expanding from simple expression pro®ling to functional characterization, monoclonal antibodies are needed to ef®ciently monitor protein behaviors in cell, including subcellular localization, complex formation and concentration dynamics. We have taken advantage of an unique property of PVDF membrane and found a set of conditions under which PVDF is suitable for antibody selection by phage display. Speci®c recognition takes place on a single membrane between 2D gel separated protein and phage antibody, resulting in rapid generation of af®nity agents to components of the human proteome.
Material and methods
Quantification of non-specific phage binding to dried and wet PVDF membrane Wild-type phage were prepared from the phagemid pHEN1 18 by rescue with VCSM13 helper phage (Stratagene) as described.
19 PVDF (Immobilon-P, Millipore) membranes were incubated with 10 }12 colony forming units (cfu)/ml of phage in PBS (137 mM NaCl, 8.0 mM Na 2 HPO 4, 2.68 mM KCl, 1.47 mM KH 2 PO 4 , pH 7.4) containing 0.1 % Tween 20, and 5 % skimmed milk powder at room temperature (RT) for one hour. After incubation with phage, membranes were washed six times with PBS containing 0.1 % Tween 20 and six times with PBS. Membranes of identical size were excised with a 6 mm biopsy punch (SMS, Inc) and bound phage eluted by addition of 1 ml of 100 mM triethylamine (TEA) at RT for 10 min. The eluant was neutralized with 0.5 ml of 1 M Tris Á HCl, pH 6.8. The number of phage eluted was quanti®ed by infecting log phase E. coli TG1 and counting colonies grown on 2 Â TY agar plates containing 100 mg/ml ampicillin.
Proteome-wide Production of mAb

Determination of specific phage enrichment ratios
The 2-phenyloxazol-5-one (phOx) was conjugated to BSA 19 and 1 mg of the conjugate blotted onto PVDF by dot blotting (MilliBlot System, Millipore). Phage were prepared from the anti-phOx phage antibody 31E 19 in the phagemid pHEN1 by rescue with helper phage. These phage are ampicillin resistant. Anti-phOx phage were mixed in an approximately 1:10 ratio with wildtype fd-tet-DOG1 phage 18 (tetracycline resistant). Phage (1.0 Â 10 12 cfu) was incubated with dried PVDF membrane. Membranes were washed six times with PBS plus 0.1 % Tween 20 and six times with PBS. Membranes of identical surface area were excised with a 6 mm biopsy punch, 29 phage eluted with TEA and the neutralized eluate used to infect log phase E. coli. The enrichment ratios were determined by plating on media plates containing ampicillin and tetracycline.
Selection of antibodies from a phagemid and a phage antibody library
Varying concentrations of BSA were run on a SDS-10 % PAGE gel, followed by electro-transfer onto PVDF membrane in Western transfer buffer (25 mM Tris, 193 mM glycine, and 20 % methanol). The location of the antigen was determined by staining the membrane with either Ponseau S red (for 1 mg antigen) or Coomassie brilliant blue R (for 1 ng antigen). A 7 Â 30 mm 2 section of membrane containing the protein band was excised, transferred to the binding buffer (5 % skimmed milk, 5 Â 10 11 cfu/ml helper phage in PBS) and 10 12 cfu of scFv phagemid antibody library 23 or phage antibody library 29 added. After four hours at 4 C with gentle rocking, the membrane was washed six times with PBS plus 0.1 % Tween 20 (100 ml volume for each wash) and six times with PBS (100 ml volume for each wash). Membrane containing the protein band was excised with a razor blade and phage eluted with 100 mM TEA at RT for ten minutes. Eluted phage was used to infect log phase E. coli TG1. Phage were prepared from E. coli for the next round of selection as previously described.
19,29
Two-dimensional gel electrophoresis
Cell lysates of SKBR3 and MCF10A cells were prepared as described. 30 2D gel electrophoresis was performed as described. 31 Brie¯y, 400 ml of cell lysate in rehydration buffer containing 7 M urea, 2 M thiourea, 4 % CHAPS, 65 mM dithiothreitol, Pharmalyte, pH 3-10 (0.36 meq/ml, 1:50 by volume) and a trace of bromophenol blue was applied to Immobiline DryStrips (18 cm, pH 3-10, NL (non-linear)) overnight, which was used for isoelectric focusing on the Multiphor II (Amersham Pharmacia Biotech). Proteins were focused at 20 C according to the following voltage gradient program: 0-300 V, two hours; 300-1000 V, one hour; 1000-3500 V, one hour; 3500 V, 20 hours, using an EPS 3500 XL electrophoresis power supply (Amersham Pharmacia Biotech). After a standard equilibration step, proteins were further separated by SDS-PAGE using Iso-Dalt system (Amersham Pharmacia Biotech). The separating gel was 11 % light non-gradient gel made with 30.8 % Duracryl TM solution (Genomic Solutions, Chelmsford, MA).
The gels were stained by silver staining as described 9 with modi®cations. Brie¯y, gels were ®xed in 50 % methanol/5 % acetic acid overnight, washed with 50 % methanol for 20 minutes, and with water twice for 15 minutes each. The gels were then sensitized by 0.02 % sodium thiosulfate for two minutes, washed twice with water for one minute each, and treated with 1.5 % silver nitrate for 20 minutes at 4 C. The gels were further washed with water twice for one minute each and developed in 2 % sodium carbonate (Na 2 CO 3 ) solution containing 0.04 % formalin. Silver-stained gels were stored in 1 % acetic acid at 4 C until analyzed.
Protein in-gel digestion
Protein spots were excised from silver-stained gels, and trypsin digested as described. 32, 33 Minced gel pieces were ®rst washed with 25 mM NH 4 HCO 3 in 50 % acetonitrile, then dried in a SpeedVac (Savant) and rehydrated in 25 mM NH4HCO3 solution containing trypsin and digested overnight at 37 C. Peptides were then extracted by washing with HPLC grade water followed by three washes with 50 % acetonitrile/2 % formic acid. The combined supernatants were dried by SpeedVac and redissolved in 0.1 % formic acid prior to unseparated digest analysis. The peptide extracts were either desalted by C 18 Ziptip (Millipore) and analyzed by matrix-assisted laser desorption-time-of-¯ight (MALDI-TOF) or directly injected onto a nanoLC column for LC-MS/MS analysis.
Mass spectrometric analysis of tryptic peptides
Peptide mass measurements on unseparated tryptic digests Molecular masses of all tryptic peptides were determined by analyzing one tenth of desalted unseparated digests employing a matrix-assisted laser desorption delayed extraction re¯ectron time-of-¯ight instrument (Perseptive Biosystems, Voyager DESTR mass spectrometer, Framingham, MA) equipped with a nitrogen laser (337 nm). Peptides were co-crystallized with equal volumes of saturated DHB (2,5-dihydroxyl-benzonic acid) in H 2 O. All MALDI spectra were internally calibrated using trypsin autolysis products to get accurate monoisotopic masses of all the tryptic peptides (<20 ppm). Peptide masses were submitted for database searching using MS-Fit program for protein identi®cation (ref. 34 , http://prospector.ucsf.edu).
Peptide sequencing by tandem mass spectrometry
Tandem mass spectra of peptides from selected spots were obtained on a Quadrupole/Time-of-Flight mass spectrometer (QSTAR) equipped with nanoelectrospray source (PE sciex, Toronto, Canada). 33 Tandem mass spectra for selected parent ions were collected, and fragment ions were submitted for database searching using MS-Tag for protein identi®cation (http://prospector. ucsf.edu).
Peptide sequencing by nanoLC-MS/MS
Some spots were identi®ed by nanoLC-MS/MS methods. A Pepmap column (75 mm I.D. Â 150 mm, LC Packings, CA) was used for HPLC separation. A 0-50 % gradient of acetonitrile, with 0.04 %-0.05 % formic acid, over 50 minutes was used for gradient elution of peptides. A QSTAR mass spectrometer was used for detection and acquisition of the tandem mass spectra. The tandem mass spectra were obtained in the MS/MS mode, which was triggered when an ion gave the most intensive signal in the previous MS survey scan. The fragment ions in the spectra were then submitted to MSTag as well for protein identi®cation.
Selection of antibodies against protein spots on 2D Western blot PVDF membranes were soaked in 100 % methanol for 30 seconds. and washed with Western transfer buffer (25 mM Tris, 193 mM glycine, and 20 % methanol) for 20 seconds at room temperature. Proteins in 2D gels were electro-blotted onto PVDF at 1.3 mA/cm 2 for 10 hours. at 18 C. Membranes were then placed under light where protein spots appear as a clear area against an opaque background. Spots were marked with a pencil. Membranes were soaked in 100 % methanol twice for ten seconds each, and air-dried at RT for two hours. A piece of 0.5 Â 2 cm 2 membrane containing the target spot was excised with a razor blade, and incubated with 1 ml (10 12 cfu/ml) phage antibody library at 4 C for four hours, washed six times with PBS/0.1 % Tween 20, and six times with PBS. Membranes containing protein spots were excised using a 2 mm biopsy punch (SMS, Inc), bound phage eluted with 0.5 ml of 100 mM TEA at RT for ten minutes, neutralized with 1 M Tris pH 7.0, and used to infect log phase E. coli TG1.
Screening positive clones by phage ELISA
Screening for BSA-binding phage was performed as described. 29 The number of unique scFv was estimated by PCR ®ngerprinting of the scFv genes with the restriction enzyme BstNI. 19, 35 For whole cell ELISA screening, SKBR3 cells (ATCC) were cultured in 96-well plates (Corning) in RPMI media supplemented with 10 % fetal calf serum (Hyclone) in 5 % CO 2 at 37 C to 80 % conuency, ®xed in ice-cold methanol (10 minutes at 4 C), washed with PBS and incubated with 100 ml of 5 Â 10 11 cfu/ml of phage antibody in PBS at room temperature for one hour. Cells were washed three times with PBS and binding detected using horseradish peroxidase (HRP)-conjugated anti-M13 antibody (1:5000 dilution in 5 % dry milk/PBS, 5 H -3 H Inc.) at room temperature for one hour, washed three times with PBS and developed with ABTS (2, 2'-azinobis (3-ethylbenzthiazoline-6-sulfonic acid), Sigma) as substrate. For screening with cell lysates, 500 mg of SKBR3 cell lysate was diluted into 5 ml of PBS, vacuums blotted onto wet 96-well UniFilter PVDF plates (Whatman-Poly®ltronics), blocked with 5 % dry milk at room temperature for one hour, washed with PBS and incubated with 100 ml of 5 Â 10 11 cfu/ml of phage antibody in PBS at room temperature for one hour. Following three washes with PBS, bound phage was detected by HRP-conjugated anti-M13 antibody using ABTS as substrate.
2D phage Western blot
A 400 ml sample of SKBR3 cell lysate was subjected to 2D gel electrophoreses and electro-blotted onto PVDF as described above. The membrane was soaked in 100 % methanol, dried and incubated with 10 12 cfu/ml of phage antibody at room temperature for one hour. Membranes were washed three times with PBS plus 0.1 % Tween 20 and three times with PBS and binding of phage detected by incubation with a 1:2000 dilution of HRP-conjugated anti-M13 in 5 % dry milk/PBS at room temperature for one hour. After washing three times with PBS plus 0.1 % Tween 20 and three times with PBS, the membrane was developed with ECL (Amersham Pharmacia Biotech).
Immunostaining of SKBR3 cells with phage antibody SKBR3 and MCF10A (control) cells were grown in 24-well plates (Corning) to 80 % con¯uency, washed with PBS and ®xed in ice cold methanol at 4 C for ten minutes, incubated with 5 Â 10 11 cfu/ml monoclonal phage antibody at room temperature for one hour, washed three times with PBS, incubated with biotinylated anti-M13 antibody (1:2000 dilution in 5 % BSA milk in PBS) at room temperature for one hour, washed three times with PBS, incubated with strepavidin-Cy3 (Caltag Lab., 1:1500 dilution in 5 % BSA in PBS) at room temperature for 15 minutes, washed three times with PBS and examined with an inverted¯uorescence microscope Nikon Eclipse TE300 (Nikon). Images were recorded with a digital camera (Hamamatsu).
